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Abstract 

The need for sensors to operate in harsh environments is illustrated by the need for measurements in 
the turbine engine hot section. The degradation and damage that develops over time in hot section 
components can lead to catastrophic failure. At present, the degradation processes that occur in the harsh 
hot section environment are poorly characterized, which hinders development of more durable 
components, and since it is so difficult to model turbine blade temperatures, strains, etc, actual 
measurements are needed. The need to consider ceramic sensing elements is brought about by the 
temperature limits of metal thin film sensors in harsh environments. The effort at the NASA Glenn 
Research Center (GRC) to develop high temperature thin film ceramic static strain gauges for application 
in turbine engines is described, first in the fan and compressor modules, and then in the hot section. The 
near-term goal of this research effort was to identify candidate thin film ceramic sensor materials and 
provide a list of possible thin film ceramic sensor materials and corresponding properties to test for 
viability. A thorough literature search was conducted for ceramics that have the potential for application 
as high temperature thin film strain gauges chemically and physically compatible with the NASA GRCs 
microfabrication procedures and substrate materials. Test results are given for tantalum, titanium and 
zirconium-based nitride and oxynitride ceramic films. 

Nomenclature 

CTE coefficient of thermal expansion (ppm/°C) 

TCR temperature coefficient of resistance (ppm/°C) 

UHTC ultra-high temperature ceramic 

d film thickness (A or pm) 

8 strain; length change per unit length (ps) 

s a apparent strain due to temperature rather than applied strain (ps) 

8s a /8T apparent strain sensitivity to temperature changes (ps/°C) 

8 HI length change per unit length; strain (s) 

y gauge factor of strain gauge; i.e., the ratio of fractional resistance change to strain 

ps unit of microstrain; typically defined as 10“ 6 in. change per inch length ( pin./in.) 

p electrical resistivity (Q-cm) 

a electrical conductivity (IJ-cm) -1 
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1.0 Introduction 

1.1 Challenge of Sensors for Propulsion Systems 

To advance knowledge in fundamental aeronautics and develop technologies for safer, lighter, 
quieter, and more fuel efficient aircraft, instrumentation technologies are being developed by the National 
Aeronautics and Space Administration (NASA) in support of its mission to pioneer the future in space 
exploration, scientific discovery, and aeronautics research. These technologies also enable the capabilities 
for long duration, more distant human and robotic missions for the Vision for Space Exploration. 

The Sensors and Electronics Branch of the NASA Glenn Research Center (GRC) has an in-house 
effort to develop thin film sensors for surface measurement in propulsion system research. The sensors 
include those for strain, temperature, heat flux and surface flow, which will enable critical vehicle health 
monitoring and characterization of components of future space and air vehicles. 

The need for sensors to operate in harsh environments is illustrated by the need for measurements in 
the turbine engine hot section. The degradation and damage that develops over time in hot section 
components can lead to catastrophic failure. In fact, turbine engine related class A mishaps are second 
only to Controlled Flight Into Terrain (CFIT) in their toll on the U.S. Air Force in terms of destroyed and 
damaged aircraft, and the turbine section of the engine has been consistently responsible for over $40M in 
losses a year, more than any other engine component. At present, the degradation processes that occur in 
the harsh hot section environment are poorly characterized, which hinders development of more durable 
components, and since it is so difficult to model turbine blade temperatures, strains, etc, actual 
measurements are needed (ref. 1). 

The use of sensors made of thin films has several advantages over wire or foil sensors. Thin film 
sensors do not require special machining of the components on which they are mounted, and, with 
thicknesses less than 10 pm, they are considerably thinner than wire or foils. Spray-on sensors with total 
thicknesses greater than 1 0 pm are believed to cause increased turbulence and heating of turbine 
components, thus causing erroneous measurements. Thin film sensors are much less disturbing to the 
operating environment, therefore having a minimal impact on the physical characteristics of the 
supporting components. 

The need to consider ceramic sensing elements is brought about by the temperature limits of metal 
thin film sensors in propulsion system applications. Fonger-term stability of thin film sensors made of 
noble metals has been demonstrated at 1100 °C for 25 hr (ref. 2). The capability for thin film sensors to 
operate in 1500 °C environments for 25 hr or more is considered critical for ceramic turbine engine 
development (refs. 3 and 4). For future space transportation vehicles, temperatures of propulsion system 
components over 1650 °C are expected (ref. 5). 

1.2 Limits of Metal Film Sensors 

A limitation of metal thin films used as sensors to measure strain is that their resistance changes as 
the temperature changes. This apparent strain (e fl ) can be falsely interpreted as actual strain on the 
component being monitored. For static strain applications for use on gas turbine engines, the current 
required accuracy is ±200 pin. /in. (pe) (ref. 6). The thin film palladium-chromium (PdCr) alloy strain 
gauge, developed at the NASA GRC for high temperature strain measurement applications, is stable to 
1100 °C, but has a TCR of 135 ppm/°C and an apparent strain sensitivity (8s a /8T) of ±85 pe/°C, requiring 
temperature compensation for high temperature static strain measurements (refs. 2 and 6). Currently, this 
compensation is in the form of setting a “ballast” potentiometer in a bridge to perform first order 
elimination of the apparent strain at a particular temperature, but deviations from this matched 
temperature result in measured apparent strain (ref. 7). 

A thin film multifunctional sensor developed at the NASA GRC that can measure directional strain, 
flow, heat flux, and temperature utilizes this PdCr alloy (ref. 8). It does not incoiporate a compensation 
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bridge in its design but relies on processing the signals from the three elements to compensate for 
apparent strain. 

Nevertheless, a low TCR thin film strain sensor material with thermal stability over a wide range of 
temperatures would allow high temperature static measurements with the multifunctional sensor as well 
as a more passive method of eliminating apparent strain without the need for a compensation bridge. 

The NASA GRC has thus begun an in-house effort to develop thin film strain sensors with high 
thermal stability. Ultimately, the goal is to achieve the ±200 ps accuracy of measured applied static strain 
at high temperatures. Assuming that the total signal containing both the applied and apparent strain can be 
resolved to 1 part in 1000 (i.e., 8 R/R = 0.001), and 6 parts in 1000 for a meaningful measurement of 
applied strain, the apparent strain needs to be limited to less than 30,000 ps over the temperature range of 
use. Using the desired 1500 °C range, the apparent strain sensitivity to temperature is then to be less than 
±20 ps/°C. Increasing the resolution of the signal or decreasing the use range will increase the desired 
apparent strain sensitivity. As this goal is approached, the drift strain (creep) will also be considered as 
part of the total strain measurement. 


2.0 Ceramic-Based Thin Film Sensor Development 

2.1 Background 

Since 1991, there have been many investigations into the application of ceramic thin films for use as 
high temperature thin film strain gauges. A summary of notable high temperature thin film strain gauges 
is given in table 1 . Thin film resistors for regulating electronics based on doped nickel-chromium alloy 
films with a TCR of ±5 ppm/°C and greater are common in the electronics industry, but they are generally 
restricted to a temperature range between -55 to 125 °C (ref. 9), and thus not suitable for our applications. 


TABLE 1.— A REVIEW OF HIGH TEMPERATURE THIN FILM STRAIN GAUGE ATTRIBUTES 


Gauge 

material 

TCR, 

(ppm/°C) 

Gauge factor, 

(y)» 

(5R/R-S) 

Apparent strain 
sensitivity, 
(pe/°C) 

Maximum use temperature, 
(if reported), 

(°C) 

Fabrication notes 

Ref. 

Ni-20%Cr 

290 

2.5 

116 

700 

COTS standard 

17,18 

Pd-13%Cr 

135 

2 to 1.4 

85 

1100 

THE NASA standard 

2 

AIN 

-1281 to 109 

3.72 to 15 

-344 to 29 

>1100 

A1 reacted with N 

19 

ITO 

-469 to 230 

-6.5 to -11.4 

-35 to 72 

>1100 

Oxygen doping 

20 

AUTO 

-1200 

8 

-150 

1280 

Aluminum doping 

21 

N:TiB 2 

-50 

1.4 

-36 

<3225 

Nitrogen doping 

22 

Cu:TaN 

-800 to 200 

2.3 to 5.1 

-348 to 87 

(not reported) 

Ta reacted w/ N; Cu doping 

23 

TaN 

-80 

3.5 

-23 

(not reported) 

Ta reacted with N 

24 

TaON 

-290 

3.5 

-83 

(not reported) 

Ta reacted with N; 1% Ox 

25 

TiB 2 

36 

(not reported) 


<2970 

Ti reacted with B 2 H 6 

26 

ZrN 

184 to 275 

(i not reported) 


<2980 

Zr reacted with N 

26 


The gauge factor (y) of the strain gauge relates the sensitivity of the gauge to strain (e = 81/1), as shown 
in eq. (1). 


8 / 

YS = Yy = 


8 R 
R 


( 1 ) 


The apparent strain sensitivity to temperature (8s fl /8T) is the TCR divided by the gauge factor plus the 
difference in the substrate and the gauge material’s CTE, as shown in eq. (2). The difference in the CTEs 
is expected to be less than 5 ppm/°C based on the materials that we are exploring, and this will be left as 
an uncertainty in our apparent strain calculation. 


8s 


a 


8 T 


ILL + ACTE 
Y 


( 2 ) 
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Based on the thin film gauges reported in the references shown in table 1, aluminum nitride (AIN), 
indium-tin oxide (ITO), titanium boride (TiB 2 ), and doped and undoped tantalum nitride (TaN) and 
titanium nitride (TiN) are obvious candidates for use for static strain measurements using the apparent 
strain sensitivity as a guide. Though no gauge factors were reported, zirconium nitride (ZrN) is also 
attractive since the TCR can be modified through the reactive sputtering process. The maximum use 
temperature of TaN may be up to 2000 °C, the most attractive for high temperature applications. As a thin 
film, TaN is known as a stable high temperature resistor with a TCR between 200 and -200 ppm/°C. The 
TCR depends on the fabrication process, nitride phase produced (e.g., Ta 2 N, TaN, Ta 5 Ng, etc.), 
incorporation of oxide on the TaN grains and the degree of amorphous structure (refs. 10 to 13). 

To be compatible with our patterning processes, AIN was eliminated from our list of potential 
candidates as it decomposes in water. Also, the modification of films with oxygen, nitrogen or aluminum 
doping for electrical properties, such as TCR or resistivity, is common. The report of studies (ref. 14) of 
resistors using NiCr and TaNiCr interlayers with TaN to achieve TCR between 5 and -5 ppm/°C began 
our investigation to develop a tantalum nitride film for use with the PdCr strain gauge to achieve the 
passive elimination of apparent strain sensitivity (ref. 15). The conductive ceramics of titanium and 
zirconium were identified as candidates for high temperature strain gauge applications and examined in 
parallel with the TaN runs (ref. 16). 

2.2 Tantalum Nitride Film Fabrication 

The first step to developing an interlayered or multilayered TaN/PdCr film was to develop a process to 
reactively sputter the tantalum nitride consistently (ref. 15). The first depositions were on alumina 
substrates using a 3 in. unbalanced magnetron source and a 99.95 percent pure tantalum target sputtered 
in an argon/nitrogen atmosphere. The resulting film resistivities of the samples were measured using a 
four-point probe (ref. 27) with spacing of 2.54 mm. Based on the result of these initial runs, a 
multifunctional sensor (sample JG40922) with a length to width ratio ( l/w ) of 290 of tantalum nitride was 
patterned using the sacrificial-layer lift-off process that is used for microfabricated noble-metal sensors of 
fine line widths (ref. 28). The completed sensor is shown in figure 1. The TCR was measured to be -93 
ppm/°C, and the resistivity 259 pQ-cm. The strain sensitivity was measured using the algorithm 
developed for the sensor (ref. 8). A graph showing the fractional change in gauge resistance ( SR/R ) versus 
the applied strain is shown in figure 2. From eq. (1), the gauge factor is found from the slope of the line 
fitted to the data. The gauge factor was found to be 3.9±0.1, with the angle resolution determined to be 
less than ±0.2°. This translates to an apparent strain sensitivity of -24 pe/°C, similar to what was reported 
by Ayerdi, et al. (ref. 24) and close to our goal of less than ±20 ps/°C. 



Figure 1. — TaN Multifunctional Sensor. 
(Patterned by Photolithography) 
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Figure 2. — Strain output of the TaN multifunctional sensor (sample JG40922) at room temperature. 
Error bars reflect ±5 percent uncertainty in the measurement. 



Figure 3. — Ceramic sensor shadow-masked samples. 


Target arcing and degradation, however, was becoming an issue, with the thickness of the sensor of 
run JG40922 about 20 percent less than the initial runs of unpattemed sensors. For the next set of runs, 
the system pressure and power were lowered to prevent the arcing and degradation of the tantalum target. 
The films were patterned using a shadow mask with l/w = 21.88 (shown in fig. 3), allowing the resistivity 
to be measured as well as the TCR using a four wire method with a data acquisition system. The resulting 
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optimized film of run JG501 15 had a TCR of -200 ppm/°C and a resistivity of 155 pO-cm, a candidate 
for passive compensation using PdCr. The parameters of the optimized runs for photolithographic and 
shadow-masked patterns are given in table 2. 


TABLE 2.— OPTIMIZED TANTALUM NITRIDE DEPOSITIONS USING PHOTOLITHOGRAPHY AND SHADOWMASK 


Sample 

RF 

Process 

Argon 

Nitrogen 

Run 

Film 

Resistivity, 

TCR, 


power, 

pressure, 

flow, 

flow, 

time, 

thickness, 

p. 

(ppm/°C) 


(W) 

(mTorr) 

(seem) 

(seem) 

(sec) 

(pm) 

(pQ-cm) 


JG40922 (Photolithography) 

250 

8 

38 

2 

7200 

3.9 

259 

-93 

JG501 15 (Shadow-mask) 

125 

2 

38 

2 

3600 

1.0 

155 

-200 


2.3 Nitride Films with Titanium and Zirconium 

Besides tantalum, conductive ceramics of titanium and zirconium were identified as candidates for 
high temperature strain gauge applications (ref. 16). The examination of the nitrides of titanium was 
begun in parallel with the TaN runs. The initial runs were to provide a test of the TCR at low 
temperatures to 200 °C on a hot plate, providing the first level of optimizing the resistivity and deposition 
rate of films patterned by photolithography. The pattern had an l/w = 250, and is shown in figure 4. 

All samples were fabricated using a 3 in. unbalanced magnetron source at 125W RF, and vacuum 
annealed at 600 °C for 8 hr before hot plate testing. As a baseline comparison for determining an 
appropriate recipe for the ceramic films, an initial sample of undoped Ti using a 99.99 percent pure target 
was deposited. The resistivity, TCR as well as the repeatability in resistance was measured in two data 
collection runs. Several runs were conducted using different partial pressures of nitrogen and oxygen 
while sputtering. To keep the pressure to manageable levels in the sputtering system, flows were limited 
to 40 sscm for 2 mTorr, and 20 seem for 1 mTorr system pressures. The amount of reactive gas to the 
system was set to 0, 1, or 2 seem for nitrogen and 0 or 0.5 seem for oxygen; greater flows of each were 
found to result in insulating films. 

The reactive gas flow was modified for each run to allow optimizing the deposition time and 
resistivity to give indication of nitride and oxide formation. Matrix fits using process optimization are 
shown in figures 5 and 6. The resulting film parameters and properties are shown in table 3. Since the 
results were consistent with the TaN films, these run parameters were then used for zirconium-based 
reacted films, also shown in table 3. 


MMM 



Figure 4. — Ceramic sensor samples 
patterned by photolithography. 
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Fit of Film Deposition Rate vs. Reacting Gas Partial Pressures (±6.5A/min) 
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Figure 5. — Deposition rate versus reacting gas pressures to determine 
gas mixes for optimal deposition rate in reacted films. 


Fit of Film Resisitivity vs. Reacting Gas Partial Pressures (±1470pQ-cm) 



0.000 

Figure 6. — Resistivity versus reacting gas pressures to determine gas mixes for 
optimal resistivity. The peak indicates a well-reacted ceramic. 
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TABLE 3.— PROPERTIES OF METALLIC AND METAL-DERIVED THIN FILMS 


Film 

Ar/N/O gas flow 
mix 

Deposition 

time, 

(min) 

Thickness, 
(±0.1 pm), 

(|im) 

Resistivity, 

(±10%), 

(pQ-cm) 

TCR, 

(±10 ppm/°C) 
(ppm/°C) 

AR 0 /R 0 for 
200 °C cycle, 
(%) 

Ti 

40/0/0 

369 

2.0 

133 

1,360 

4.45 

TiN 

38/2/0 

1,200 

2.8 

1,490 

624 

114 

TiON 

18/1/0.5 

360 

0.6 

62 

1,400 

0.83 

Zr 

40/0/0 

198 

2.0 

140 

1,090 

2.73 

ZrN 

38/2/0 

750 

2.4 

1,090 

146 

4.26 

ZrON 

18/1/0.5 

360 

1.7 

82 

695 

-1.3 

TiAlCr 

20/0/0 

360. 

2.1 

156 

-124 

2.89 

TiAlCrN 

38/2/0 

595 

2.0 

300,000 

-1,342 

260 

TiAlCrON 

18/1/0.5 

450 

2.4 

4,480 

841 

23.2 


To investigate the addition of aluminum to titanium, a 3 in. target of titanium with 5 1 percent 
aluminum and 12 percent chromium by weight (99.99 percent purity) (Ti 0 . 27 Al 0 . 66 Cr 0 . 07 ) was purchased. 
The target alloy was chosen based on the reported oxidation resistance of the alloy when used as a coating 
at high temperatures (ref. 29). The alloy was then used as the base of nitride films included as well in 
table 3. 

Nitrogen doping produced films with lower TCR, but the TCR was still above the value that could be 
compensated in signal conditioning. The nitride films were, however, more unstable in air. The oxynitride 
films produced a more stable film in air, but they did not have the TCR improvement that was hoped. 
Further, the TiAlCrON film was more unstable in oxygen than the un-doped original. The un-doped 
TiAlCr film had a similar negative TCR to the positive value of ZrN, and the stabilities of the films were 
similar in air. These characterizations of TiAlCr and ZrN films lead directly to examining these two films 
as a compensating pair for strain gauges. 


3.0 Multilayered Film Fabrication 

3.1 Multilayer Film Approach 

Once the TaN film deposition parameters were finalized, the multilayered TaN/PdCr films were 
attempted (ref. 15). A cross-section schematic of the multilayered film is shown in figure 7. As an 
estimate for the relative thicknesses, the assumption is made that because the film thic kn esses ( d) are 
greater than the grain size, and thus electron mean free path, the films can be treated as three independent 
layers in parallel (to first approximation) (ref. 30). 


Electrode 

Tantalum Oxide 

Electrode 

Tantalum Nitride (TaN) 

Palladium-Chromium Alloy (Pdl3Cr) 

Tantalum Nitride (TaN) 

Alumina Substrate Coating 


Figure 7. — A cross-section schematic of the multilayer thin film sensor. 
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The conductivity (a) is the inverse of the resistivity (p), and because the first and last layers are the 
same material (TaN) and the second is PdCr, the conductivities add as in eq. (3). 

^TaN . d PdCr 

Cf Total - & TaN PdCr ‘ 


7 ' 1 UA_,1 7 

“Total “Total 

Similarly, the TCR (a) for multiple layers is derived as in eq. (4). 

d TaN TaN a TaN + d PdCr PdCr a PdCr d TaN a TaN a TaN + d PdCr PdCr a PdCr 


Ct Total — ' 


d TaN TaN + d PdCr PdCr 


d Total ® Total 


To cancel out the TCR (a To tai = 0), the numerator is set to zero, as shown in eq. (5). 

d TaN a TaN a TaN = ~d Pd Cr PdCr a PdCr 

The ratio of PdCr film thickness to TaN film thickness then can be derived in eq. (6). 

^PdCr _ a TaN a TaN _ PPdCr a TaN 


‘TaN 


°TdCr “PdCr 


PTaN a PdCr 


( 3 ) 


(4) 


(5) 


(6) 


So, to a first approximation, the TCR of the multilayer can be minimized with the knowledge of the 
resistivity and TCR of the component films. Using the values of TaN from JG501 15 in table 2, and the 
resistivity and TCR of PdCr as 1 10 pO-cm and 170 ppm/°C respectively, the ratio of PdCr to TaN 
thickness to cancel the multilayer film TCR is found to be 0.835. 

As TaN films seem to vary more than annealed metallic films from bulk values in literature (refs. 10 
to 13, and 31), the determination of the resistivity and TCR of the TaN film layers of the multilayer film s 
shed light on the variation of the parameters for TaN for these runs. From eqs. (3) and (4), the TCR and 
resistivity of the TaN portion of the films formed in the multilayer can be determined. 

Since the thicknesses of the films individually are measured, as is the total conductivity and TCR (as 
shown in table 3), the TaN conductivity can be estimated from eq. (3): 


CT TaN 


P Total‘S Total ~ G PdCr d PdCr 
^TaN 


Likewise, the TCR can be estimated from eq. (4): 

‘/TotaldTotalO' Total ~ ^PdCr^PdCrO-PdCr 


a Ta N - ' 


CUaN^TaN 


(7) 


( 8 ) 


3.2 Multilayered Film Samples 

Multiple sets of TaN/PdCr multilayer films were fabricated with different PdCr to TaN thicknesses, 
with each set having two samples using identical machine parameters. The films were patterned using a 
shadow mask with l/w = 21.88 as shown in figure 3, allowing the resistivity to be measured as well as the 
TCR using a four wire method with a data acquisition system. From this data, the resistivity and TCR 
from the TaN film in the multilayer was determined to be 199±24 pQ-em and -130±30 ppm/°C, shown as 
the “best fit” curves in figures 8 and 9. The TCR and resistivity for the TaN films for one sample in the 
figures is observed to be more similar to Ta+TaN mixed films than to pure TaN films, and was not 
included in the “best fit” curve. 
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Figure 10. — TaN/PdCr multilayer 
multifunctional sensor rosette. 


3.3 Multilayered TaN/PdCr Multifunctional Sensor Application 

To test the TaN/PdCr multilayer as multifunctional sensors, several multifunctional sensors were 
fabricated using the pattern shown in figure 10 with l/w = 447. The properties of the optimized sensor 
(JG60522) are summarized in table 5, which also contains the pure TaN multifunctional sensor (JG40922) as a 
reference. The optimized sample has a PdCr to TaN ratio of 0.86, which reflects the suspected incorporation of 
oxygen into the multilayer film through our sacrificial copper/nitric acid etch lithographic process that is used 
to pattern the sensors. The sensor was annealed in vacuum at 600 °C for 8 hr before testing. The resistivity and 
gauge factor were low, reflecting the PdCr layer. The TCR varied between 0 and 30 ppm/°C over a 
temperature range of 20 to 120°C. The temperature was measured through the use of an external thermocouple 
in contact with the sample in the oven since the leadwires broke to the on-sample pattern thermocouple. The 
leadwires were repaired, and another round of tests was conducted to 600 °C, which resulted in a higher 
resistivity and a TCR of 328 ppm/°C. The gauge factor also increased to 2. 1 , suggesting that the TaN was not 
stable under high temperature conditions over 500 °C in air. 


TABLE 5. — TaN/PdCr MULTILAYER MULTIFUNCTIONAL SENSOR SAMPLE PROPERTY SUMMARY 


Sample 

TaN 

thickness, 
(±250 A), 
(A) 

PdCr 
thickness, 
(±250 A), 
(A) 

TaN+TaO 
thickness, 
(±250 A), 
(A) 

Sample 

resistivity, 

(±5%), 

(pQ-cm) 

Sample 

TCR, 

(±5 ppm/°C), 
(ppm/°C) 

Gauge 

factor, 

(±5%), 

(SR/R/e) 

Apparent strain 
sensitivity, 
(±10%), 
(l*s/°C) 

JG40922 

39,000 



259 

-93 

3.9 

-24 

JG60522 (to 120 °C) 

2900 

4600 

3450 

146 

1 5±1 5 

1.23 

12±12 

JG60522 (to 600 °C) 

2900 

4600 

3450 

444 

328 

2.1 

156 


3.4 Multilayered ZrN/TiAlCr Multifunctional Sensor Application 

Multilayered sensors using ZrN and TiAlCr films were fabricated as well using the pattern shown in figure 
1 0 with l/w = 447. The film thicknesses were established based on the results in table 3 using ZrON as an 
overcoat for KL70413, and an oxidized PtAl overcoat for KL71024. The results of these multilayered sensors 
are shown in table 6. The substrate of the first sample broke when strained, and the second sample showed a 
reasonable gauge factor for a multilayered film. However, both films were not stable even under low 
temperature heating, having excessive TCRs for use as strain gauges. 
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TABLE 6. — ZrN/TiAl MULTILAYER SAMPLE PROPERTIES 


Sample 

Layer 1, 
(±250 A), 
(A) 

Layer 2, 
(±250 A), 
(A) 

Layer 3, 
(±250 A), 
(A) 

Total 

thickness, 

(±10%). 

(A) 

Resistivity, 
(20 °C), 
(±10%), 
(pf2-cm) 

Conductivity, 
(20 °C), 
(±10%), 
(f2-cm)~' 

TCR, 

(20 to 150 °C), 
(±10%), 
(ppm/°C) 

Gauge 

factor, 

(±5%), 

(8R/R/s) 

Apparent strain 
sensitivity, 
(±10%), 
(ps/°C) 

KL70413 

5000 A 
ZrN 

12500 A 
TiAlCr 

4400 A 
ZrN+ZrON 

21900 

184 

5450 

-136 

— 


KL71024 

2000 A 
TiAlCr 

10000 A 
ZrN 

3000 A 
TiAlCr+PtAl 

15000 

79 

12640 

-7060 

4.5 

-1570 


4.0 Future Efforts 

4.1 Diboride Films 

Diborides of refractory metals are promising materials for a variety of high temperature applications, 
such as on leading edges of hypersonic aircraft, due to their resistance to oxidation and chemical attack. 
Their very high melting points earn their moniker as UHTC, and some are electrically conductive. Titanium 
diboride (TiB 2 ) is a conductive diboride that has been the subject of some research due to its attractive 
properties for thin film strain gauges (refs. 22 and 26). Recent studies suggest that film recession due to 
boria formation on the film may be an issue for temperatures above 1400 °C, particularly for porous 
surfaces (ref. 32). 

We will continue our studies of patterned high temperature thin film strain gauges with TiB 2 targets 
using nitrogen as a dopant, avoiding oxygen to prevent the film recession seen with boria formation. 
Besides TiB 2 , zirconium diboride (ZrB 2 ) is another conductive UHTC attractive as a ceramic strain gauge 
candidate. Again, we will examine the effect of nitrogen on sputtered ZrB 2 films, determining if the TCR 
can be lowered to a point to make it a viable static strain gauge. 

4.2 Nanostructured Films 

Strain gauges of thin film conductive oxides, such as 1TO, have demonstrated good drift characteristics 
at high temperatures, but lack the stable low TCR required for static measurements at these temperatures 
(refs 20 and 21). Through a NASA grant in response to a NASA Research Announcement (NRA), the 
University of Rhode Island recently developed a high temperature film consisting of a nanocomposite of 
ITO and Platinum with a reported apparent strain sensitivity of 3 ps/°C (ref. 33). These results are 
preliminary, and the study of the film in patterned gauges at GRC is of interest. 

Another future effort planned is to incorporate ceramic nanotubes in a thin film for use as a strain gauge. 
Utilizing nanotubes as strain gauges have received some attention recently due to the high strain gauge 
factors (up to 1 000) measured for stretching carbon nanotubes grown on micro fabricated cantilevers 
(ref. 34). For a nanotube composite to be practical as a non-intrusive strain gauge on a high temperature 
component, the nanotubes need to be incorporated into a thin film structure oriented along the axis of strain 
measurement, which necessitates the development of a specialized alignment technique for the nanotubes. 
Of the current nanotube alignment techniques available for fabricating sensors directly on components, 
using an optical trap has the most potential (ref. 35). After aligning, the nanotubes will need to be coated 
with a compatible high temperature ceramic, such as ITO, and patterned. The issues of nanotube 
composition, fabrication, and composite patterning will be explored in the development of a practical 
fabrication process for future high temperature sensors. 

5.0 Summary and Conclusions 

The need for sensors to operate in harsh environments is illustrated by the need for measurements in the 
turbine engine hot section. The degradation and damage that develops over time in hot section components can 
lead to catastrophic failure. At present, the degradation processes that occur in the harsh hot section 
environment are poorly characterized, which hinders development of more durable components, and since it is 
so difficult to model turbine blade temperatures, strains, etc, actual measurements are needed. The need to 
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consider ceramic sensing elements is brought about by the temperature li mi ts of metal thin film sensors in 
harsh environments. 

The NASA GRC is pursuing the development of high temperature thin film ceramic static strain gauges 
for application in turbine engines, first in the fan and compressor modules, and then in the hot section. The 
near-term goal of this research effort is to identify candidate thin film ceramic sensor materials and outline 
possible thin film ceramic sensor materials and corresponding properties to test for viability. A thorough 
literature search was conducted for ceramics that have the potential for application as high temperature thin 
film strain gauges chemically and physically compatible with the NASA GRC micro fabrication procedures 
and substrate materials. 

Sputtered films of tantalum, titanium and zirconium in argon, nitrogen and oxygen gas mixes formed 
conductive nitrides and oxynitrides and patterned by photolithography for initial testing. The results indicate a 
reduction of the TCR with films sputter-deposited in argon-nitrogen environments, but with an increased 
instability of the films in air. Films formed by sputtering in argon-nitrogen-oxygen environments are 
apparently more stable in air, but suffer from slower deposition rates. 

In order to have a more passive method of negating changes of resistance due to temperature, a process 
was developed at the NASA GRC to create a multilayer ceramic/metal thin film sensor. A first approximation 
model of multilayer resistance and TCR was used to set the film thicknesses in the multilayer film sensor. 
Multifunctional sensors were fabricated using TaN/PdCr and ZrN/TiAlCr multilayered films, and tested for 
low temperature resistivity, TCR and strain response. There was significant degradation of the TaN/PdCr film 
with time, suggesting instability of the nitride film or reaction of the nitride with chromium in the alloy. 

Similar effects were seen in the ZrN/TiAlCr film, but with faster degradation under low temperature heating. 
Apparently, an alternative method of negating the temperature sensitivity is required. Future efforts include 
examining the applicability of diboride films and nanostructures as high temperature ceramic thin film sensors. 
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